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ABSTRACT 

The 0 /0  concen t r a t ion  r a t i o s  above 100 km have be.en combined 2 

with knowledge of reaction and d i f f u s i o n  rates t o  c o n s t r u c t  a model o f  

t h e  n e u t r a l  atmosphere between 80 and 120 km. The average eddy d i f -  

f u s i o n  c o e f f i c i e n t  is determined within narrow l i m i t s  by oxygen d i s -  

s o c i a t i o n  and recombination ra tes  and by c o n t i n u i t y  requirements.  The 

va lue  of t h e  eddy d i f f u s i o n  c o e f f i c i e n t  compatible with r e c e n t  mass- 

spec t romete r  measurements is about 4 x 10 c m  sec , 6 2 -1 
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1. In t roduct ion  

The c o n s t i t u e n t s  of t h e  e a r t h ' s  atmosphere are f r e q u e n t l y  considered 

t o  be i n  d i f f u s i v e  equi l ibr ium above some a l t i t u d e  n e a r  110 km, and i n  a 

well-mixed s ta te  a t  lower a l t i t u d e s ,  i .e .  mixing processes  are cons idered  

t o  predominate over  molecular  d i f fus ion  below t h i s  a l t i t u d e ,  bu t  molecular  

d i f f u s i o n  t o  predominate over  mixing a t  h ighe r  a l t i t u d e s .  Q u a n t i t a t i v e  

va lues  f o r  t h e  mixing rates have normally n o t  been mentioned i n  connect ion 

with such g e n e r a l i z a t i o n s ,  bu t  i m p l i c i t  i n  t h i s  assumption i s  t h e  f a c t  t h a t  

t h e  eddy d i f f u s i o n  c o e f f i c i e n t  must be approximately equa l  t o  molecular  d i f -  

f u s i o n  c o e f f i c i e n t s  between 105 and 120 km and t h e r e f o r e  have a va lue  between 

6 7 2 -1 
1 0  t o  10 cm sec . 

A more p r e c i s e  determinat ion of t h e  importance of eddy mixing is obta ined  from 

t h e  con t inu i ty  r e l a t i o n s h i p s  f o r  atomic and molecular  oxygen when photo- 

d i s s o c i a t i o n  and recombination processes  are considered.  Important 

amounts of molecular  oxygen are d i s s o c i a t e d  a t  a l t i t u d e s  t h a t  are t o o  

high f o r  recombination t o  occur  a t  t h e  same a l t i t u d e .  

are a v a i l a b l e  f o r  molecular  oxygen absorp t ion  c o e f f i c i e n t s  and for  t h e  rates 

a t  which va r ious  recombination processes  proceed. In  add i t ion  t h e  i n t e n s i t y  

of  s o l a r  u l t r a v i o l e t  r a d i a t i o n  has been measured i n  rocke ts .  It is clear 

from examination of t h e s e  phys ica l  cons t an t s  and a v a i l a b l e  d a t a  on 

atomic oxygen t h a t  recombination cannot occur  a t  t h e  same ra te  as 

d i s s o c i a t i o n  above about 95 km. 

oxygen must e x i s t  t o  allow recombination i n  a h ighe r  dens i ty  reg ion  of 

t h e  atmosphere. 

Laboratory d a t a  

Therefore  a downward t r a n s p o r t  of a tomic 

This  downward t r a n s p o r t  o f  atomic oxygen (and upward 

L 
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t r a n s p o r t  of molecular oxygen) over t h e  e a r t h  as  a whole can only be brought 

about by eddy mixing processes ,  and t h e  0 /0  concent ra t ion  r a t i o  a t  t h e  

h ighe r  a l t i t u d e s  i s  c o n t r o l l e d  i n  par t  by t h e  eddy mixing rates.  Above 

1 2 0  km, t h e  molecular and atomic oxygen d i s t r i b u t i o n s  must be almost i n  

d i f f u s i v e  equi l ibr ium (Nico le t  and Mange, 19541, but  t h e i r  concen t r a t ion  

r a t i o  above 120 km w i l l  be a f f ec t ed  by t h e  r a t e  of eddy mixing a t  lower 

a l t i t u d e s .  Below 80 km t h e  atomic oxygen concent ra t ion  must approach 

l o c a l  photochemical equi l ibr ium and not  be g r e a t l y  inf luenced  by eddy t r a n s p o r t ,  

2 

I t  is  t h e  purpose of t h i s  paper t o  show t h a t  r e c e n t  measurements of  

t h e  0/0 concent ra t ion  r a t i o  above 120 km (Nie r  e t  a l , ,  1964; Schaefer  and 

Nichols ,  1964) can be combined with knowledge of d i s s o c i a t i o n ,  recombination, 

and molecular d i f f u s i o n  rates t o  determine an average rate f o r  eddy d i f -  

f u s i o n  and t o  produce an atmospheric model f o r  t h e  lower thermosphere t h a t  

possesses  a degree of se l f -cons is tency  not  p re sen t  i n  ear l ie r  models. The 

method c o n s i s t s  of i n t e g r a t i n g  the  d i f f u s i o n  equat ions  downward beginning 

a t  120-km a l t i t u d e  under t h e  assumption t h a t  t h e  eddy d i f f u s i o n  c o e f f i c i e n t  

i s  independent of a l t i t u d e ,  The s o l u t i o n  is cons t ra ined  by t h e  requirement 

t h a t  t h e  eddy d i f f u s i o n  c o e f f i c i e n t  have t h e  proper  va lue  t o  s a t i s f y  t h e  

c o n t i n u i t y  requirements  f o r  molecular and atomic oxygen, 

2 

2, Di f fus ion  Equations 

Throughout t h i s  paper ,  0 ,  02, and N 

s c r i p t s  1, 2 ,  and 3 ,  r e spec t ive ly .  

and molecular  oxygen w i l l  be considered t o  be d i f f u s i n g  through a s t a t i o n a r y  

molecular  n i t rogen  atmosphere; t h a t  is ,  t h e r e  is assumed t o  be no n e t  

upward o r  downward flow of ni t rogen.  If t h e r e  is no source o r  s i n k  of 0 

o r  0 

of atomic oxygen w i l l  be j u s t  twice t h e  upward f l u x  of molecular oxygen. 

w i l l  be i d e n t i f i e d  by t h e  sub- 
2 

In  t h e  reg ion  of i n t e r e s t ,  a tomic 

o t h e r  than photodissoc ia t ion  and recombination, t h e  downward f l u x  2 
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Before in t roducing  eddy d i f f u s i o n ,  it would be u s e f u l  t o  cons ide r  

t h e  effect  of t h e s e  assumptions upon t h e  equat ion  f o r  an atmosphere i n  

d i f f u s i v e  equi l ibr ium.  

neglec ted ,  t h e  equat ion f o r  t he  s t eady- s t a t e  concent ra t ion  g r a d i e n t  of t h e  

ith c o n s t i t u e n t  i s  (Chapman and Cowling, 1952)  

For a multicomponent atmosphere, when mixing i s  

where D . .  i s  a mutual d i f f u s i o n  c o e f f i c i e n t ,  N is  t h e  t o t a l  p a r t i c l e  
1 3  

concen t r a t ion ,  T is t h e  abso lu te  temperature ,  and H .  and $. are t h e  scale 

he igh t  and ver t ica l  f l u x  of t h e  ith c o n s t i t u e n t .  

1 1 

The s t eady  state concen- 

t r a t i o n  g r a d i e n t  of n i t rogen  is then 

The l a s t  two terms are small r e l a t i v e  t o  n3/H3' and i n  a d d i t i o n  $ 

oppos i t e  s i g n  t o  $2. 

is  o f  1 

Therefore  i t  w i l l  be assumed t o  first o r d e r  t h a t  t h e  

n i t rogen  concent ra t ion  g rad ien t  is undis turbed  by t h e  two oppos i t e ly  d i r e c t e d  

flows of 0 and 02,  

may be w r i t t e n  

The equat ions  f o r  t h e  0 and O2 concen t r a t ion  g r a d i e n t s  

an d 

n 2 2 dT '2 
T dz B 

n dn2 
-=---3-- 

H2 dz  



- 5 -  

where t h e  two llaverage" d i f f u s i o n  c o e f f i c i e n t s  D 1 ' and D2'  have been 

def ined  as 

and 

The fundamental equat ion  of atmospheric d i f f u s i o n  has  been modified 

If winds and by Let tau (1951) t o  inc lude  t h e  e f f e c t s  of eddy d i f f u s i o n ,  

i n e r t i a l  effects due t o  motion of  t h e  a i r  are neglec ted ,  t h e  express ion  

f o r  t h e  concent ra t ion  g r a d i e n t  der ived from Le t t au ' s  f l u x  equat ion  may be 

a r r i v e d  a t  simply, a l though i n  a less r igo rous  manner, by cons ider ing  

t h e  f lux  o f  t h e  ith component t o  be composed o f  two p a r t s ,  

where H 

s i o n  on t h e  r i g h t  r e p r e s e n t s  t h e  f l u x  due t o  molecular  d i f f u s i o n ,  according t o  

Eq. ( 3 )  o r  (4).  I n  t h e  absence of eddy mixing, t h i s  flow would cont inue u n t i l  

t h e  gas is i n  d i f f u s i v e  equi l ibr ium. 

t h  K, t h e  eddy d i f f u s i o n  

const i tuent  due t o  eddy d i f f u s i v e  mixing; t h e  f l u x  w i l l  be ze ro  only  when 

t h e  ith gas  is d i s t r i b u t e d  as i n  a completely mixed atmosphere, 

for t h e  v e r t i c a l  concen t r a t ion  g rad ien t s  of  a tomic and molecular  oxygen 

inc lud ing  both eddy and molecular d i f f u s i o n  are t h u s  given by 

is  t h e  scale he ight  of t h e  mixed atmosphere, The first expres-  ave 

The second express ion ,  which inc ludes  

c o e f f i c i e n t ,  r e p r e s e n t s  t h e  n e t  f low of t h e  i 

The equat ions  
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1 
1 dT $ 1  n n 

- + -  - - - - -  
ave } T dz D1'+K 

dnl - =- 
dz $i? { 

2 dT 42 n n 
dn2 - =  
dz ( 9 )  

The mutual d i f f u s i o n  c o e f f i c i e n t  f o r  oxygen and n i t rogen  is given 

(po/p) ,  where T and po are s tandard  temperature  1.75 by D23 = 0.181 (T/To) 0 

and p res su re  (Chapman and Cowling, 1952). 

atomic oxygen through molecular  oxygen and n i t rogen  are assumed i n  t h i s  cal- 

c u l a t i o n  t o  be i d e n t i c a l  and equal  t o  0.26 (T/To) 

is  taken  from t h e  experimental  measurements o f  t h e  d i f f u s i o n  of 0 through 

The c o e f f i c i e n t s  D12 and D13 f o r  

(po/p).  This  number 1.75 

O2 by Walker (1960) and is i n  good agreement wi th  an e x t r a p o l a t i o n  o f  t h e  

h igh  temperature  theo ry  of Yun e t  a l ,  (1962). The mutual d i f f u s i o n  coef- 

f i c i en t  of  0 and N 2 

va lue  as t h e  0 and 0 

simply t h a t  t h e  high temperature  c o l l i s i o n  i n t e g r a l s  c a l c u l a t e d  by Yun and 

has  n o t  been measured, bu t  was a r b i t r a r i l y  given t h e  same 

2 c o e f f i c i e n t ;  t h e  j u s t i f i c a t i o n  f o r  t h i s  choice  i s  

Mason (1962) f o r  0 - N 

t u r n  g ive  a h igh  temperature  d i f f u s i o n  c o e f f i c i e n t  very  c l o s e  t o  t h e  va lue  

appear t o  c l o s e l y  resemble those  of N - N 2 ,  which i n  2 

f o r  0 - 02. 
f i c i e n t  f o r  N and N 2  a t  300° K by Young (1961) is c l o s e  t o  t h a t  f o r  0 and 02. 

In  a d d i t i o n ,  t h e  measured va lue  o f  t h e  mutual d i f f u s i o n  coef- 

Table 1 g i v e s  t h e  temperature p r o f i l e  and t h e  n i t rogen  concen t r a t ions  

t h a t  were used i n  t h e  ca l cu la t ions .  Below 100 km, t h e  va lues  are taken  

from t h e  U. S. Standard Atmosphere 1962, while  a t  h igher  a l t i t u d e s ,  t h e y  are 

taken  from t h e  S a t e l l i t e  Environment Handbook, 2nd ed, (Johnson, 1965).  
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3 , The Continui ty  Equations 

Two a d d i t i o n a l  equa t ions  desc r ibe  t h e  v a r i a t i o n  i n  t h e  f l u x  o f  0 and 

0 due t o  d i s s o c i a t i o n  and recombination. A t  z e ro  o p t i c a l  depth,  t h e  2 

p h o t o d i s s o c i a t i v e  l ifetime of molecular oxygen is  s e v e r a l  days; below 

100 km, t h i s  time becomes considerably longe r ,  

f u s i o n  time cons tan t  T e H 2 / K  is approximately one day near 100 km i f  K is  

of t h e  o r d e r  o f  5 x 1 0  

r e s u l t  of t h e  p re sen t  calculations, 

expected long recombination lifetime of atomic oxygen i n  t h e s e  r e g i o n s ,  it is 

probably j u s t i f i a b l e  t o  assume t h a t  d i u r n a l  v a r i a t i o n s  ( a t  least  above 90 km) 

can be ignored t o  a first o r d e r  approximation, S i g n i f i c a n t  time v a r i a t i o n s  

i n  atmospheric composition could t ake  p l a c e  i n  t h i s  region i f  K were t o  as- 

sume v a l u e s  of 10 cm s e c  o r  l a r g e r  f o r  even a f a i r l y  s h o r t  time. No time 

dependence is considered i n  t h e s e  c a l c u l a t i o n s ,  however, and on ly  an average 

va lue  of K w i l l  be derived. 

w i l l  a l s o  be determined i n  terms of an average va lue  (ove r  a complete day) f o r  

t h e  pho tod i s soc ia t ion  rate, F o r  t h e  low and middle l a t i t u d e  r eg ion  considered 

h e r e  t h i s  average pho tod i s soc ia t ion  rate is taken t o  be J/2,  where J is t h e  

d i s s o c i a t i o n  r a t e  a t  a given a l t i t u d e ,  The v a r i a t i o n  of J wi th  a l t i t u d e  is 

d e r i v e d  from t h e  computed va lues  f o r  t h e  O 2  d i s t r i b u t i o n  and t h e  s o l a r  u l t r a -  

v i o l e t  s p e c t r a l  i r r a d i a n c e ;  it i s  d i scussed  i n  t h e  nex t  s e c t i o n .  

S i m i l a r l y  t h e  eddy d i f -  

6 cm2 sec- l ,  This va lue  f o r  K is c o n s i s t e n t  with t h e  

Because of t h e s e  c o n s i d e r a t i o n s  and t h e  

8 2  -1 

The average f l u x  and concen t r a t ion  of 0 and O2 

For most of t h e  c a l c u l a t i o n s  only one recombination mechanism, t h e  t h r e e -  

body recombination 0 + 0 + M + O2 + M ,  w i l l  be considered,  

0 t 0 + M -* 0 

t r i b u t e  s i g n i f i c a n t l y  t o  recombination, p a r t i c u l a r l y  a t  n i g h t  below 90 km, 

r e a c t i o n s  were ignored because t h e  ra te  c o e f f i c i e n t s  reviewed by Barth (1964) 

were small r e l a t i v e  t o  d i r e c t  recombination, 

The r e a c t i o n  

t M followed by va r ious  r e a c t i o n s  involving t h e  ozone may con- 2 3 

These 

It was c a l l e d  t o  o u r  a t t e n t i o n  by 
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, 
T. M .  Donahue ( p r i v a t e  communication) t h a t  more r ecen t  experiments i n d i c a t e  

a rate c o e f f i c i e n t  f o r  t h e  formation of ozone as much as an o r d e r  o f  magnitude 

g r e a t e r  t h a n  p rev ious  v a l u e s ,  making t h i s  an important recombination mechanism. 

Such r e a c t i o n s  w i l l  have only a very small effect  upon t h e  c a l c u l a t i o n  o f  t h e  eddy 

d i f f u s i o n  c o e f f i c i e n t  since t h e  r equ i r ed  t r a n s p o r t  i n  t h i s  r eg ion  is determined 

p r i m a r i l y  by t h e  d i s s o c i a t i o n  r a t e  of molecular  oxygen a t  h i g h e r  a l t i t u d e s  

and n o t  by t h e  recombination mechanism. 

oxygen w i l l  f a l l  off somewhat more r a p i d l y  below 90 km. 

However t h e  concen t r a t ion  of atomic 

If t h e  c o e f f i c i e n t  f o r  recombination of oxygen i n  t h e  three-body c o l l i s i o n  

p rocess  is a ,  t h e  s t eady  s ta te  c o n t i n u i t y  equa t ions  may be w r i t t e n  

d41/dz = 2(J/2)n2 - 2aNnl 

2 

(10 )  2 

and 
(11 )  d$2/dz = - ( J / 2 ) n 2  + aNnl 

which s a t i s f y  t h e  condi t ion $I = - 2 4 1 ~ .  

4. Boundary Conditions and Solution. 

1 

Equations ( 8 )  t o  (11)  can be i n t e g r a t e d  numerical ly  from 120 km downward 

f o r  a given temperature  p r o f i l e  and corresponding n i t rogen  concen t r a t ions  a' 

The procedure is t o  assume i n i t i a l  v a l u e s  f o r  n 

value of K t h a t  y i e l d s  reasonable  concen t r a t ions  of 0 and 0, a t  lower l e v e l s .  

and n2 a t  120 km and f i n d  a 1 

L 

I n  p r a c t i c e ,  t h e  c a l c u l a t i o n s  were run down t o  65 km, and n 

r e q u i r e d  t o  be g r e a t e r  than zero a t  t h i s  l e v e l ,  

and +2 

This  cond i t ion  was 
1 

f i c i e n t l y  s t r i n g e n t  t o  al low only a very narrow range of va lues  f o r  

for  each  assumed n /n (0/02 concentrat ion r a t i o )  a t  120  km. The 1 2  

were 

suf  - 
K ( < 1 % )  

v a l u e  of n 2 

a t  80 km, n 

i n i t i a l  va lue  of 41 

s e p a r a t e  c a l c u l a t i o n ;  equat ions ( 9 )  t o  (11 )  were i n t e g r a t e d  upward from 

120 km and an i n i t i a l  va lue  of t h e  f l u x  was found which r e s u l t e d  i n  reasonable  

v a l u e s  of atomic and molecular oxygen above 200 km. 

was always n e a r  t h a t  expected f o r  t h e  0 

chosen a t  120 km was constrained by a f u r t h e r  requirement t h a t ,  

+ was t o  be 20.97 - 0.10 p e r c e n t  of t h e  t o t a l  number dens i ty .  The 2 

t o  be used i n  t h i s  computation was determined by a 2 

The va lue  o f  #2 ob ta ined  

concen t r a t ion  and p h o t o d i s s o c i a t i o n  
2 ,  
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r a t e  a t  1 2 0  km, Q, 

v i o u s l y  desc r ibed  downward i n t e g r a t i o n  was used t o  o b t a i n  a c o r r e c t  K 

f o r  t h i s  i n t e g r a t i o n  . 
(J/2)n2H2. An i t e r a t i v e  procedure u s i n g  t h e  pre- 

The pho tod i s soc ia t ion  rate J and its v a r i a t i o n  with a l t i t u d e  are 

of central  importance i n  t h i s  problem. The va lues  used i n  t h i s  work were 

obtained by c a l c u l a t i n g  t h e  number o f  photons absorbed p e r  second i n  50 A 

i n t e r v a l s  i n  t h e  Schumann-Runge continuum from 1175 A t o  1775 A, 

oxygen abso rp t ion  spectrum was taken from t h e  measurements of Watanabe 

e t  al .  (1953) and Metzger and Cook (1964) and t h e  solar  emission spec- 

trum was t h a t  of Detwiler e t  a l .  (1961). 

s e p a r a t e l y ,  J could be found as a f u n c t i o n  of column d e n s i t y  o f  0 

shown i n  Fig. 1. 

between t h e  d i s s o c i a t i o n  c o e f f i c i e n t  c a l c u l a t e d  f o r  Schumann-Runge absorp- 

t i o n  and t h e  va lue  of t h i s  c o e f f i c i e n t  i n  t h e  Herzberg continuum, 

o r d e r  t o  c a l c u l a t e  J f o r  column d e n s i t i e s  i n  t h i s  range it would be neces- 

s a r y  t o  know what p o r t i o n  o f  t h e  energy absorbed i n  t h e  Schumann-Runge 

bands r e s u l t s  i n  d i s s o c i a t i o n .  

t i o n s  are q u i t e  i n s e n s i t i v e  t o  t h e  shape of t h e  abso rp t ion  curve f o r  

column d e n s i t i e s  g r e a t e r  t han  lo1' 0 

above 80 km is due almost e n t i r e l y  t o  r a d i a t i o n  i n  t h e  Schumann-Runge 

continuum. 

each s t e p  of t h e  i n t e g r a t i o n  from computed O2 column d e n s i t i e s .  

column d e n s i t y  of O2 was c a l c u l a t e d  assuming an "average" s l a n t  p a t h  ang le  

of 45O t o  t h e  v e r t i c a l .  

correct average number of d i s s o c i a t i o n s  p e r  day i n  t h e  80 t o  120 km reg ion ,  

Th i s  approximation appears  t o  be reasonable  s i n c e  n e g l e c t  of t h e  s l a n t  p a t h  

0 

0 0 
The 

0 

By t r e a t i n g  each 50 A i n t e r v a l  

as 2'  

The d o t t e d  p o r t i o n  of t h e  curve r e p r e s e n t s  an i n t e r p o l a t i o n  

I n  

However, t h e  r e s u l t s  of t h e  p re sen t  calcula- 

molecules/cm2; i ,e .  oxygen d i s s o c i a t i o n  2 

The va lues  of J used i n  Eqs, (10) and (11) were ob ta ined  f o r  

The 

This  angle  was chosen t o  g i v e  approximately t h e  
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( z e r o  degree s l a n t  p a t h  ang le )  resul ts  i n  an over-est imate  of t h e  eddy 

d i f f u s i o n  c o e f f i c i e n t  by 25 p e r  cent  and t h e  atomic oxygen a t  80 km by 

about 20 p e r  cen t .  

The recombination c o e f f i c i e n t  f o r  t h e  p rocess ,  0 t 0 + M = O2 + M, 
where M r e p r e s e n t s  any atmospheric c o n s t i t u e n t ,  was t a k e n  t o  be a = 2,6 

x 1 0  -34 T1’2 cm6 sec-’, This  c o e f f i c i e n t  was ob ta ined  by adding a t e m -  

p e r a t u r e  dependence t o  t h e  va lue  measured by Marshall  (1962). 

5 4  Resu l t s  and Discussion 

Figure 2 i l l u s t r a t e s  t h e  convergence of s e v e r a l  attempted s o l u t i o n s  

toward t h e  va lue  of K which s a t i s f i e s  t h e  lower boundary cond i t ions ,  i .e. ,  

t h a t  n1 and $2 should both be p o s i t i v e ,  

p o s i t e l y  as t h e  i n t e g r a t i o n  is extended t o  lower a l t i t u d e s ,  t h u s  when n 

begins  t o  increase sha rp ly ,  4 

ver sa ,  For c l a r i t y  only n has  been p l o t t e d  i n  Fig. 2, The computations were 

performed down t o  65 km and are p l o t t e d  down t o  70 km, b u t  t h e  v a l i d i t y  of t h e  

These two quant i t ies  behave op- 

1 

very r a p i d l y  becomes nega t ive ,  and v i c e  2 

1 

resu l t s  f o r  t h e  atomic oxygen concentrat ion is  probably ques t ionab le  below 

about 85 km, 
The atmospheric composition f o r  s e v e r a l  d i f f e r e n t  n /n 

120 km, t o g e t h e r  with t h e i r  unique va lues  o f  K ,  are shown i n  Fig. 3, 

r a t i o s  a t  1 2  

The 

downward f luxes  of atomic oxygen which correspond t o  each o f  t h e s e  cases are 

p l o t t e d  i n  Fig,  4. It  fo l lows  from t h e  c o n t i n u i t y  equat ion t h a t  t h e  

atomic oxygen concen t r a t ions  c r o s s  t h e  chemical equ i l ib r ium curve a t  t h e  

a l t i t u d e  a t  which t h e  f l u x  is  a maximum, This  excess downward flow of 

atomic oxygen, which a t  t h e s e  he igh t s  is t r a n s p o r t e d  almost e n t i r e l y  by 

eddy d i f f u s i o n ,  r e su l t s  i n  an increase of atomic oxygen above its photo- 

chemical equ i l ib r ium va lue  below t h i s  c r o s s i n g  a l t i t u d e ,  

consumed a t  lower a l t i t u d e s  and f i n a l l y  t h e  curves w i l l  a l l  approach photo- 

The excess  i s  

chemical equ i l ib r ium,  

cons ide rab ly  more chemistry must be included t o  y i e l d  a proper  a n a l y s i s ,  

A t  t h e  a l t i t u d e  where t h i s  t a k e s  p l a c e ,  however, 
I 

~ 
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The measurements of Nier e t  al .  (1964) ,  Schaefer  and Nichols  (1964),  

and Pokhunkov (1964) i n d i c a t e  t h a t  t h e  concen t r a t ions  of atomic and 

molecular oxygen are very  n e a r l y  equal  a t  120 km. 

coupled with our  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  average eddy d i f f u s i o n  

c o e f f i c i e n t  should be about 4 x 1 0  c m  sec . 
These measurements 

6 2 -1 

A p l o t  of t h e  eddy d i f f u s i o n  c o e f f i c i e n t  as  a func t ion  of t h e  n1/n2 

r a t i o  a t  120 km is  shown i n  Fig. 5, 

n e a r l y  i n v e r s e l y  r e l a t e d  t o  t h i s  r a t i o  by t h e  equat ion  

It is a p e c u l i a r  f a c t  t h a t  K is very  

6 2 - - 1  = 4 x 10 c m  sec K( l’n 2 ’12 0. km (12)  

Other  estimates of t h e  eddy d i f f u s i o n  c o e f f i c i e n t  have been given based 

on t h e  d i r e c t  observa t ion  of  chemical releases i n  t h e  atmosphere, 

g i v e s  a va lue  of t h e  o rde r  o f  10 

(1963) f i n d  va lues  n e a r  90 km from 2 x lo6 cm2 sec , 

The va lues  of K ob ta ined  i n  t h i s  manner have been der ived  i n  r a t h e r  s h o r t  

time i n t e r v a l s  n e a r  s u n r i s e  and sunse t ,  but  s t i l l  are i n  f a i r  agreement wi th  

t h e  average va lue  found here .  

Hines (1963) 

6 2  cm sec-’ whi le  Zimmerman and Champion 

-1 -1 up t o  l o 8  cm2 sec 

A t h e o r e t i c a l  upper l i m i t  on t h e  average va lue  of K can be de r ived  

us ing  a method due t o  Johnson and Wilkins (19651, 

i d e a  t h a t  t h e  hea t  f l u x  F t r anspor t ed  downward by t u r b u l e n t  mixing cannot exceed 

t h e  t o t a l  hea t  absorbed i n  the  atmosphere a t  a l l  h ighe r  l e v e l s .  The predominant 

h e a t  source  is  t h e  r a d i a t i o n  absorbed by molecular  oxygen i n  t h e  Schumann-Runge 

The l i m i t  i s  based upon t h e  

continuum. 

km only  20 percent  of t h e  absorbed r a d i a t i o n  appeared as hea t .  

would be reasonable  i f  a l l  of t h e  energy i n  t h e  e x c i t e d  oxygen atom O( D) 

were r a d i a t e d ,  bu t  t h e  f r a c t i o n  of t h e  absorbed s o l a r  energy appearing as 

h e a t  could be as high as 40 percent  i f  de -exc i t a t ion  occurred p r i m a r i l y  by co l -  

l i s i o n  with N 

I n  t h e i r  c a l c u l a t i o n s ,  Johnson and Wilkins assumed t h a t  above 95 

Th i s  

1 

2 ’  
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followed by c o l l i s i o n a l  de-exc i ta t ion  of t h e  v i b r a t i o n a l l y  e x c i t e d  N 2  (DeMore 

and Raper, 1964). S. P. Zimmemnan ( p r i v a t e  communication) has  poin ted  

o u t  t h a t  t h e  express ion  f o r  t h e  upper l i m i t  on t h e  average va lue  of  K 

given by Johnson and Wilkins should be c o r r e c t e d  t o  read  

K = -F(p c Tdlne/dz)-' ( 14 )  
P 

where c P 
d e n s i t y ,  and 0 is t h e  p o t e n t i a l  temperature.  

O( D) energy becomes a v a i l a b l e  as hea t  energy,  equat ion  ( 1 4 )  y i e l d s  an upper  

l i m i t  of K 2 10  

is t h e  s p e c i f i c  hea t  a t  constant  p r e s s u r e , P  is t h e  atmospheric  

If it is assumed t h a t  a l l  t h e  

1 

7 2  c m  sec-' a t  100 km ( f o r  t h e  same Schumann-Runge f l u x e s  used 

elsewhere i n  t h i s  paper) .  This  value is twice as g r e a t  as t h e  average va lue  

f o r  K compatible with t h e  mass-spectrometer da ta .  The d iscrepancy ,  i f  real ,  

would im?ly t h a t  t h e  energy l o s t  by r a d i a t i o n  from t h i s  reg ion  is comparable 

t o  t h a t  conducted downward by eddy d i f f u s i o n .  

t o  t h e  unce r t a in ty  i n  our  knowledge of t h e  var ious  atmospheric  parameters  which 

e n t e r  t h e s e  c a l c u l a t i o n s .  

More l i k e l y  t h e  d i f f e r e n c e  is due 

It is q u i t e  l i k e l y  t h a t  t h e  eddy d i f f u s i o n  c o e f f i c i e n t  is a func t ion  o f  

a l t i t u d e ,  so t h a t  t h e  assumption here of a cons tan t  c o e f f i c i e n t  wi th  a l t i t u d e  

is inadequate .  

rose l i n e a r l y  between 100 km and 120 km t o  a va lue  one o r d e r  of magnitude 

l a r g e r .  The change i n  d i s t r i b u t i o n  of atomic oxygen is shown i n  Fig. 6 f o r  an 

n1/n2 r a t i o  of 2 a t  120 km. 

cu la r  v a r i a t i o n  i n  K its va lue  i n  t h e  80 km t o  100  km r eg ion  was reduced t o  8.5 

x 1 0  cm sec zompared t o  t h e  average va lue  of  2.0 x 1 0  cm sec f o r  t h e  same 

case with cons t an t  K. 

A c a l c u l a t i o n  was made i n  which K was cons t an t  below 100 km and 

While t h e r e  is no evidence t o  recommend t h i s  p a r t i -  

5 2 -1 6 2 -1 

Since use is sometimes made of  t h e  r e l a t i v e  abundance o f  oxygen t o  

n i t r o g e n ,  t h e  r a t i o  (n t 2n ) / 2 n 3  is shown i n  Fig. 7 f o r  each o f  t h e  assumed 1 2 
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n1/n2 r a t i o s  a t  120 km and t h e  correspondink eddy d i f f u s i o n  c o e f f i c i e n t s .  

The va lues  above 120 km were obtained by an upward i n t e g r a t i o n  of E q s .  (1) - 
( 4 )  using t h e  temperature  p r o f i l e  of t h e  medium d e n s i t y  atmosphere given 

i n  t h e  S a t e l l i t e  Environment Handbook, 2nd ed. (Johnson, 1965). The l a r g e  

e f f e c t  of d i f f e r e n t  mixing r a t e s  below 120 km on t h i s  r a t i o  i n  t h e  d i f f u s i v e l y  

sepa ra t ed  region can eas i ly  be seen i n  Fig,  7, 

The decrease i n  t h e  oxygen-to-nitrogen ra t io  j u s t  above 100 km 

appears  t o  be real ;  it is  apparent ly  t h e  consequence o f  t h e  combined ef- 

fects of molecular and eddy d i f f u s i o n ,  I n  t h e  a l t i t u d e  r eg ion  where molecular  

and eddy t r a n s p o r t  o f  oxygen are of comparable importance, t h e  eddy t r a n s p o r t  

acts t o  move molecular oxygen upwards, but  t h i s  tendency 

by t h e  molecular d i f f u s i o n  p rocess  ( u n l e s s  t h e  molecular oxygen concentra- 

t i o n  f a l l s  o f f  with a l t i t u d e  a t  a ra te  even fas ter  than  t h e  d i f f u s i v e  e q u i l i -  

brium rate).  The eddy t r a n s p o r t  a c t s  t o  move atomic oxygen downward, and t h e  

can be opposed 

molecular  d i f f u s i o n  p rocess  always assists i n  t h i s ,  The fact  t h a t  t h e  mole- 

c u l a r  d i f f u s i o n  can act t o  oppose t h e  eddy d i f f u s i o n  of molecular oxygen up- 

ward, whereas t h e  two always cooperate i n  t r a n s p o r t i n g  atomic oxygen down- 

ward, is probably r e s p o n s i b l e  fo r  t h e  d e p l e t i o n  of oxygen r e l a t i v e  t o  

n i t r o g e n  i n  t h e  r eg ion  j u s t  above 100 km, 

come, of course,  by molecular d i f f u s i o n  coming t o  predominate over eddy d i f -  

f u s i o n  a t  s t i l l  h ighe r  a l t i t u d e s ,  

Th i s  effect is f i n a l l y  over- 

Table 2 shows t h e  effect upon K of changes i n  t h e  p h y s i c a l  c o n s t a n t s  

used i n  t h e  c a l c u l a t i o n .  r a t i o  equa l  

t o  2.0 a t  120 km was chosen as a s tandard,  and each parameter was v a r i e d  

independently,  As would be expected, t h e  g r e a t e s t  changes occurred when 

The atmospheric model f o r  an n /n  1 2  
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t h e  assumed s o l a r  r a d i a t i o n  a r r i v i n g  a t  t h e ’ t o p  of t h e  atmosphere was 

var ied .  

r a t i o  a t  120 km increases o r  decreases  s l i g h t l y  more than t h e  f r a c t i o n a l  

The average eddy d i f f u s i o n  necessary  t o  suppor t  a given n1/n2 

change i n  J. 

The d i s t r i b u t i o n  of atomic and molecular oxygen f o r  a given n /n r a t i o  1 2  

a t  120 km is n o t  s i g n i f i c a n t l y  a f f e c t e d  by any reasonable  change i n  t h e  

recombination ra te  except  a t  t h e  lowest a l t i t u d e s .  The va lues  chosen f o r  

t h e  d i r e c t  three-body recombination c o e f f i c i e n t  i n  Table 2 cover  t h e  e n t i r e  

range of experimental  and t h e o r e t i c a l  va lues  d iscussed  by Barth (1964).  

A s  mentioned ea r l i e r  t h e  production of ozone may r e s u l t  i n  a somewhat 

lower concent ra t ion  of a tomic oxygen below 90 km, but  t h e  eddy d i f f u s i o n  coef-  

f i c i e n t  is  n o t  s i g n i f i c a n t l y  a f f ec t ed .  

recombination term -2B n n N added t o  Eq. 10 and Bnln2N added t o  Eq. 11. 

is equ iva len t  t o  t h e  assumption t h a t  a l l  ozone formed by t h e  process  0 t O 2  + 

M + O3 t M recombines i n  some fash ion  with atomic oxygen t o  form two oxygen 

molecules. 

a tomic oxygen removed by t h e  formation of  ozone. 

B = 8.7 x 1 0  -35 T1/2, is  t h e  l a r g e s t  t h a t  has  been proposed f o r  t h i s  r e a c t i o n .  

Even with t h e s e  extreme assumptions t h e  eddy d i f f u s i o n  c o e f f i c i e n t  c a l c u l a t e d  

was only reduced from 2.02 x l o 6  cm sec t o  1.92 x 10 cm sec . This  cal- 

c u l a t i o n  provides  a lower l i m i t  f o r  t h e  atomic oxygen concent ra t ion  which fa l l s  

o f f  much more r a p i d l y  below 90 km, as shown i n  Fig. 8. 

o f  a r b i t r a r i l y  inc reas ing  t h e  rate c o e f f i c i e n t  a by an o rde r  of magnitude. 

The c a l c u l a t i o n  was repea ted  wi th  a 

Th i s  1 2  

Actua l ly  photodissoc ia t ion  of  ozone w i l l  r e s t o r e  a l a r g e  p a r t  of  t h e  

The rate cons t an t  used, 

2 -1 6 2  -1 

Also shown i s  t h e  r e s u l t  

The r e s u l t s  are n o t  very s e n s i t i v e  t o  t h e  exac t  va lues  o f  t h e  d i f f u s i o n  

c o e f f i c i e n t s ,  and only  t h a t  of 0-N2 and 0-0 

However a d i f f u s i o n  c o e f f i c i e n t  d i f f e r i n g  by a f a c t o r  of  two from t h e  va lue  

used does n o t  a l t e r  t h e  value of K by more than f i f t e e n  percent .  

might be s e r i o u s l y  i n  error. 2 
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6. Conclusions 

The r a t i o s  o f  atomic t o  molecular oxygen concen t r a t ions  i n  t h e  

atmosphere above 120 km are c l o s e l y  r e l a t e d  t o  t h e  s t r e n g t h  o f  eddy d i f -  

f u s i o n  i n  t h e  80 t o  120 km region.  

f o r e  provides  information a b o u t . t h e  eddy mixing r a t e  i n  t h e  h i g h e s t  p a r t  o f  

Measurement of t h e  n1/n2 r a t i o  t h e r e -  

t h e  atmosphere i n  which eddy mixing is s t i l l  important.  While g r e a t  pre- 

c i s i o n  cannot be claimed f o r  c a l c u l a t i o n s  dea l ing  with such f l u c t u a t i n g  

atmospheric p r o p e r t i e s  as eddy mixing, t h e  r e l a t i o n s h i p  between mixing and 

o t h e r  atmospheric parameters has  been c l a r i f i e d  and real is t ic  l i m i t s  can 

be placed on average mixing rates.  

The few a v a i l a b l e  measurements of t h e  n /n r a t i o  i n d i c a t e  a va lue  

Even allowing f o r  t h e  p o s s i b i l i t y  t h a t  recombin- 

1 2  

n e a r  u n i t y  a t  120 km. 

a t i o n  i n  t h e  measuring instruments  may cause a low measured va lue ,  t h e  

n1/n2 r a t i o  almost s u r e l y  f a l l s  between 0.5 and 5 a t  120 km i n  t h e  lower 

and middle l a t i t u d e s .  

t o  120 km a l t i t u d e  range must t h e r e f o r e  have a value between 8 x l o 5  and 

8 x 1 0  cm /sec. 

The average eddy d i f f u s i o n  c o e f f i c i e n t  i n  t h e  80 

6 2  For r easonab le  va lues  of K a r a t h e r  broad peak i n  t h e  

atomic oxygen concen t r a t ion  is found near 90 km where t h e  maxi- 

mum concen t r a t ion  is wi th in  a f a c t o r  of two of 5 x 10l1 atoms ~ m ' ~ .  The 

t o t a l  column d e n s i t y  of atomic oxygen is  found t o  be of t h e  o r d e r  of 

1.5 x 10'' atoms cm -2 . 
The e f f e c t s  of l a rge - sca l e  c i r c u l a t i o n  have no t  been taken i n t o  ac- 

count .  To t h e  extent t h a t  t h e  l a rge - sca l e  c i r c u l a t i o n  c o n t r i b u t e s  t o  t h e  

o v e r a l l  removal of atomic oxygen from, and supply of molecular  oxygen t o ,  

t h e  thermosphere, t h e  eddy d i f f u s i o n  c o e f f i c i e n t s  de r ived  he re  should be 

reduced, 



- 16 - 

Acknowledgement s 

This research was carried out p a r t i a l l y  with the  support of National 

Aeronautics and Space Administration grant NsG-269-62, 



- 1 7  - 

References 

Barth,  C. A . ,  Three-body r e a c t i o n s ,  Ann. de Geophys. 2 0 ,  182-196, 1964. 

Chapman, S. and T.  G. Cowling, The mathematical  theory of non-uniform gases ,  

Cambridge Un ive r s i ty  Press, 1952. 
1 

DeMore, W. and 0. F a  Raper, Deact ivat ion of O( D) i n  t h e  atmosphere, 

Detwiler, C. R. ,  D. L. Garrett, J. D. P u r c e l l  and R. Tousey, The i n t e n s i t y  

d i s t r i b u t i o n  i n  t h e  u l t r a v i o l e t  s o l a r  spectrum, Symposium D'Aeronomie, 

9-18, P a r i s ,  1961. 

Hedin, A. E., C. P a  Avery and C. D. T s c h e t t e r ,  An a n a l y s i s  of s p i n  modulation 

effects  on d a t a  obtained with a rocket-borne mass spec t romete r ,  J. Geophys. 

Research 69, 4637-4648, 1964, - 
Hines, C. O . ,  The upper atmosphere i n  motion, Quast.  J. Roy, MeteoroL SOCI 

89, 41-42, 1963, - 
Johnson, F. S. , S t r u c t u r e  of t h e  upper atmosphere, S a t e l l i t e  Environment 

Handbook, 2nd ed. ,  S t an fo rd  Un ive r s i ty  Press, 1-20, 1965. 

Johnson, F a  S. and E. M a  Wilkins ,  Thermal upper l i m i t  on eddy d i f f u s i o n  

i n  t h e  mesosphere and lower thermosphere, J. Geophys. Research, 2, 1281- 

1284, 1965, 

Le t t au ,  H,  , Diffusion i n  t h e  upper atmosphere, Compendium Of Meteorology (ed. 

T. F,  Malone) Am. Meteorological Soc., 1951. 

Marshal l ,  T. C. ,  S t u d i e s  of atomic recombination of n i t r o g e n ,  hydrogen, 

and oxygen by paramagnetic resonance, Phys. F lu ids  5, 743-753, 1962. - 
Metzger, P. H. and G. R. Cook, A r e i n v e s t i g a t i o n  of t h e  abso rp t ion  c r o s s  

0 

s e c t i o n s  o f  molecular oxygen i n  t h e  1050 - 1800 A r e g i o n ,  J. Q u a n t i t a t i v e  

Spectroscopy Rad ia t ive  Trans fe r  4, 107-116, 1964. 

Nicolet, M a  and P. Mange, The d i s s o c i a t i o n  of oxygen i n  t h e  high atmosphere, 

J. Geophys. Research 59, 15-45, 1954. - 



- 18 - 

Nier, A. O., J, H,  Hoffman, C a  Y a  Johnson and J. cb Holmes, Neutral  composition 

of t h e  atmosphere i n  t h e  100 t o  200 k i lome te r  range,  Ja Geophys Research 69, 

979-9899 1964, 

Pokhunkov, A a  A # ,  Concerning t h e  change of t h e  mean molecular weight of 

t h e  n o c t u r n a l  atmosphere a t  a l t i t u d e s  of from 100 t o  210 km according t o  

mass spectrometer  measurements, J a  A s t r o n a u t i c a l  Sc iences  XI, 113-117, 1964, 
U I  

Schaefer ,  Ea Ja and M ,  H a  Nichols ,  Upper a i r  neut ra l  composition measurements 

by a mass spectrometer ,  J ,  Geophys, Research 69, 4649-4660, 1964, - 
Walker, Ra Ea, Measurement o f  t h e  0-0 d i f f u s i o n  c o e f f i c i e n t ,  J, Chem, Phys, 2, 2 

2196-97 , 1961, 

Watanabe, Ka E., C, Ya Inn and Ma Z e l i k o f f ,  Absorption c o e f f i c i e n t s  of oxygen 

i n  t h e  vacuum u l t r a v i o l e t ,  J, Chem, Physa 2 l ,  1026-30, 1953, 

Young, R, A a ,  Measurements of t h e  d i f f u s i o n  c o e f f i c i e n t  o f  atomic n i t r o g e n  

i n  molecular n i t r o g e n  and t h e  c a t a l y t i c  e f f i c i e n c y  of s i l v e r  and copper 

oxide surfaces, J, Chem, Phys, 34, 1295-1301, 1961. - 
Yun, Ka S, and Ea A a  Mason, C o l l i s i o n  i n t e g r a l s  f o r  t h e  t r a n s p o r t  p r o p e r t i e s  

of d i s s o c i a t i n g  a i r  a t  high temperatures ,  Phys, F l u i d s  5, 380-386, 1962, 
d 

Yun, Ka Sa, Sa Weissman and E, A, Mason, High temperature  t r a n s p o r t  p r o p e r t i e s  

of d i s s o c i a t i n g  n i t r o g e n  and d i s s o c i a t i n g  oxygen, PhySa F lu ids  5, 672-678, 1962, - 
Zimmerman, S, Pa, and K. S, W. Champion, Transport  p rocesses  i n  t h e  upper 

atmosphere, J a  Geophys, Research 68, 3049-3056, 1963, - 



- 19 - 

TABLE 1 

Atmospheric Parameters Used i n  the Evaluation 
of Oxygen Transport i n  the Atmosphere 

Alt i tude (km) Temperature (OK>: Nitrogen Concentration (cm -3 ) 

120 
115 
110 
105 
100 
95 
90 
85. 
80 
75 
70 
65 

11 295 4 . 0 4  x lol1 
262 8.07 x lol2 
240 1.62 x lol2 
2 24 3 .52  x lol2 
2 10 8.20 x lol3 

181 5 .20  x lol4 
181 1.30 x lol4 
181 3 .28  x lol4 
200 7 .11  x lol5 
220 1 .44  x lol5 
23 9 2 .74  x 10 

196 2 . 9 9  x lol3 
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Figure Captions 

1. 

dens i ty ,  

Photodissoc ia t ion  rate as a func t ion  o f  molecular oxygen column 

The dashed p o r t i o n  of t h e  curve is an i n t e r p o l a t i o n  between 

va lues  of absorp t ion  computed f o r  t h e  Schumann-Runge continuum and 

abso rp t ion  i n  t h e  Herzberg continuum, 

2, Atomic oxygen concen t r a t ions  f o r  s e v e r a l  va lues  of  t h e  eddy d i f -  

fu s ion  c o e f f i c i e n t ,  K. The numbers i d e n t i f y i n g  each curve a r e  va lues  of 

2 -1 
K i n  u n i t s  of c m  sec a T h i s  f i g u r e  i l l u s t r a t e s  t h e  narrow range of 

accep tab le  K va lues  f o r  a given ra t io  of 0 t o  O2 a t  120 kme 

3. 

t h e  atomic t o  molecular  oxygen r a t i o  a t  120 km. 

chemical equ i l ib r ium i n d i c a t e s  t h e  atomic oxygen concen t r a t ion  t h a t  would 

be expected i n  t h e  absence of v e r t i c a l  t r a n s p o r t  i f  t h e  only s ink  f o r  atomic 

2 

A l t i t u d e  dependence of atmospheric composition f o r  s e v e r a l  va lues  of 

The curve marked photo- 

oxygen were t h e  r e a c t i o n  0 + 0 + M + 0 t M. 

4. 

ra t ios  a t  120 km of  Figure 3 ,  

Downward f l u x  of atomic oxygen f o r  t h e  atomic t o  molecular  oxygen 

5. 

t h e  r a t i o  of atomic t o  molecular  oxygen a t  120 km. 

Dependence of  t h e  average eddy d i f f u s i o n  c o e f f i c i e n t  above 80 km on 

6. 

forms of t h e  eddy d i f f u s i o n  c o e f f i c i e n t ,  K. 

6 2  2.02 x 10  

between 100 and 120 km. 

Comparison of atomic and molecular  oxygen concen t r a t ions  f o r  two 

For t h e  s o l i d  curve K = 

cm /sec; f o r  t h e  dashed curve K changes by an o r d e r  of magnitude 

7. 

t h e  va r ious  models d i scussed  i n  t h e  t ex t .  

a r e  t h e  atomic t o  molecular  oxygen ra t ios  a t  120 km. 

Rat io  of  t h e  number of oxygen atoms t o  t h e  number of n i t rogen  atoms f o r  

The numbers i d e n t i f y i n g  t h e  curves 
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8, 

a t i o n  ra tes  than those  used i n  these c a l c u l a t i o n s .  

recombination c o e f f i c i e n t  f o r  t h e  formation of 0 and 8 is t h e  t h r e e -  

body recombination c o e f f i c i e n t  %or t h e  formation of 03, 

The effect  upon atomic oxygen concentrat ion of tnuch l a r g e r  recombin- 

u is t h e  three-body 

2 
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